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Abstract 
Aqueous ammonia, as an emerging, promising but challenging solvent for CO2 capture, has gained 
extensive interest over the last few years. Aust
Research Organization (CSIRO) and Delta Electricity designed, constructed and commissioned an 
AU$ 7 million research scale pilot plant at the Munmorah black coal fired power station and used it 
to test an aqueous ammonia based post combustion capture process in 2009 and 2010. The results 
from the pilot plant trials were used to address the gap in know-how of the application of aqueous 
ammonia for post combustion capture of CO2 and other pollutants in the flue gas and to explore the 
potential of the ammonia process for application in the Australian power sector. This paper presents 
the results obtained and challenges identified from the pilot plant trials and identifies further 
research opportunities to improve the technology.  
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Introduction  
 
Aqueous ammonia, as one of the promising solvents for CO2 capture, has recently received 
increasing attention. Compared to traditional amines, ammonia is a low cost solvent and does not 
degrade in the presence of O2 and other species present in the flue gas.  Moreover, it has a high CO2 
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removal capacity, low absorption heat and hence potentially low regeneration energy.  It has also 
the potential of capturing multiple components (NOx, SOx and CO2) and producing value added 
chemicals, such as ammonium sulfate and ammonium nitrate, which are commonly used as 
fertilizers.  The advantage of multi-component capture by aqueous ammonia is of particular interest 
to Australian power stations since flue gas desulphurisation (FGD) and selective catalytic reduction 
(SCR) of NOx are not implemented in Australia.  
 
A number of pilot and demonstration plants have been constructed and operated in the last few 
years to test the technical and economic feasibility of ammonia based PCC processes.  Alstom is 
the major player in this area and has developed a chilled ammonia process in which, as described in 
the open literature 1,2,3, CO2 is absorbed in a highly ammoniated solution at low temperatures (0-
20°C), producing a slurry containing ammonium bicarbonate. In the stripper, ammonium 
bicarbonate is converted to ammonium carbonate at temperatures above 100°C and pressures of 20-
40 bar.  Powerspan developed a CO2 capture process, called ECO2®, in which the absorption takes 
place at relatively high temperatures, above 20°C, and no slurry is involved in the absorber 4.  
 
Despite recent intensive research work on the aqueous ammonia based capture process at both 
laboratory and pilot plant scale, information on for example, absorption rates, ammonia loss, 
regeneration energy, parasitic energy consumption and actual operational experience is, 
nevertheless, scarce in the public domain.  This was even more the case when the Munmorah pilot 
plant was planned and designed back in 2007. Lack of information complicates the establishment of 
a good basis for plant design and further assessment of the economical and technical feasibility of 
the process. In the literature, the assessment of the process is primarily based on the thermodynamic 
analysis and the results are often conflicting. For example, power plant efficiency loss is estimated 
to be below 20% for an ammonia-based capture process 4. A scoping study by the United States 
Department of Energy suggested that the cost for CO2 capture using aqueous ammonia could be 
significantly lower than that for amines 5. However, It is also reported that the ammonia process has 
limited advantages over amine-based capture processes, due to the energy and capital costs required 
to produce chilled water and recover ammonia slipping to the flue gas 6,7. 
 
CSIRO identified the aqueous ammonia based post combustion capture technology as a potential 
technology for significant reduction of multiple components emissions from coal fired power 
stations in Australia. CSIRO and Delta Electricity designed, and constructed an AU$ 7 million 
research scale pilot plant at the Munmorah black coal fired power station and used it to test an 
aqueous ammonia based post combustion capture process in order to fill the knowledge gap. The 
pilot plant trials were started in early 2009 and were completed in late 2010. Part of results from the 
pilot plant trails has been published 8,9 .This paper summaries the achievements and lessons learned 
from the pilot plant trials and presents some results from recent research efforts aimed at further 
improvements in aqueous ammonia based post combustion capture technologies.  
 
Experimental  
 
The pilot plant design is based on the standard absorption and desorption process. It consists of one 
pre-treatment column; two absorber columns, each with a separate wash column at the top; and one 
stripper. The two absorbers provide flexibility in operation, allowing different arrangements (single 
column or two columns, in series or parallel). A schematic of the overall pilot plant is shown in our 
previous publication 10. Table 1 lists the column size, packing material and packing height.  Table 2 
summarise the overall experimental conditions. Table 3 lists the composition of flue gas at the inlet 
to the pre-treatment column.  
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Table 1 Normal pipe size of columns, packing heights and packing materials 
Columns Normal pipe size  Packing height, m Packing 
materials  
Pretreatment column  DN500, Schedule 10 3 25 mm Pall ring 
Absorber DN600, Schedule 10 2 or 3.9 (one column alone) 
5.8 or 7.8 (two columns in 
series) 
25 mm Pall ring 
Wash column DN500 ,Schedule 10 1.7 25 mm Pall ring 
Stripper DN400, Schedule 10 3.9  16 mm Pall rings 
 
Table 2 Summary of the overall experimental conditions for pilot plant tests. 
 Overall operational range 
Configuration of absorbers One or two columns 
Total packing height, m 2 - 7.8 
Ammonia concentration, wt% 0 - 6 
CO2 loading of lean solvent (mole CO2/mole ammonia) 0 - 0.6 
Washing water flow-rate, L/min 39 
Liquid temperature in pretreatment and wash columns, oC 10 - 15 
Solvent flow-rate, L/min 50 - 200 
Gas flow-rate, kg/h 650 - 1200 
Liquid temperature in absorber, oC 10 - 30 
Gas pressure in absorber (absolute), kPa 101 - 150 
Stripper bottom liquid temperature, oC 90 - 150 
Stripper top gas pressure (absolute), kPa 300 - 850  
Stripper gas temperature after condenser, oC 20 - 50 
 
Table 3 Typical inlet flue gas composition.  
CO2 H2O O2 NO NO2 SO2 N2 
8.5 - 12 
vol% 
3 - 6 vol% 6.5 - 10 
vol% 
200 - 330 
ppm 
<10 ppm 190 - 280 
ppm 
76 - 78 
vol% 
 
The pilot plant operational procedure and analysis of gas and liquid samples are described in our 
recent publications 8,9.     
 
Achievements  
 
As described in our recent publications 8,9,10, the pilot plant trails have confirmed the technical 
feasibility of the ammonia based capture process and some of its expected benefits. A CO2 removal 
efficiency of more than 85% was achieved even with a low ammonia content of up to 6 wt%. A 
high purity of CO2 (between 99-100%) was obtained in the stripper under high pressure. NH3 is 
effective for SO2 removal but not for NO removal from the flue gas. More than 95% of the SO2 in 
the flue gas was removed in the pre-treatment column.  
The Munmorah research team has significantly improved their understanding of the aqueous 
ammonia based capture system. The developed process control logic and system operation has been 
confirmed to be valid and further improvements have been made. The interdependent relationship 
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between solvent conditions, feed gas conditions, absorption and regeneration conditions, column 
packing, CO2 capture efficiency, ammonia loss and regeneration energy have been determined for 
the current pilot plant configuration.  
 
It was found that high ammonia concentration, low CO2 loading, high liquid flow-rate, increased 
packing area and high absorption temperature will lead to a high CO2 removal efficiency. A high 
gas flow-rate will lead to a high CO2 absorption rates but a low CO2 removal efficiency. The mass 
transfer coefficients for CO2 in the absorber as functions of loading and concentration have been 
obtained based on pilot plant data. These results have been published recently9 . 
 
Challenges  
 
The pilot plant operation has resulted in the identification of a number of issues which limit the 
economic feasibility of the aqueous ammonia based post combustion capture process. 
 
(1) Relatively low CO2 absorption rate compared to amine based solvent, which results in a 
much bigger absorber compared to monoethanolamine (MEA, the benchmark solvent) and 
thus higher capital costs. 
 
 Figure 1 shows the comparison of overall gas phase mass transfer coefficient for different solvents.  
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Figure 1 Mass transfer coefficients for CO2 at various CO2 loadings obtained from wetted wall 
column experiments (WWC) and pilot plant trials. WWC: for 30wt% MEA, absorption temperature 
= 40°C; for other solvents, absorption temperature = 15°C. Pilot plant: absorption temperature = 
10-15°C.  4-PD: 4 amino piperidine. PZ: piperazine. 1-PZ: 1-methyl piperazine. SAR: Sodium 
Sarcosinate.  
 
The mass transfer coefficients for CO2 in 3 M aqueous ammonia alone are 3 or 4 times lower than 
those in MEA solutions. Increase in ammonia concentration can increase mass transfer coefficients, 
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but for a pseudo first order reaction, the mass transfer coefficient is approximately a function of 
square root of free ammonia concentration. However, an increase in the ammonia concentration 
also leads to an increase in ammonia loss which is not desired. 
 
 (2) Ammonia loss is high. This will result in extensive use of wash water for the recovery of 
ammonia removal and additional capital costs and running costs for ammonia recovery and 
regeneration of wash water for reuse.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2 Profiles of (a) NH3 concentration and CO2 loading in lean solvent and (b) CO2 absorption 
rate and overall ammonia loss rate with time in a typical pilot plant test. NH3 wt% =3.8-4.3; CO2 
loading in the lean solvent =0.18-0.23. Solvent flow-rate =67 L/min; Gas flow rate =640 kg/h; 
Liquid T in absorber =15.4-16.4°C; Pressure in absorber =103 kPa (absolute). CO2 concentration  
at the inlet of the absorber =10-10.2 vol%.   
Figure 2 shows the variation of (a) NH3 concentration and CO2 loading in lean solvent and (b) CO2 
absorption rate and overall ammonia loss rate with time in a typical pilot plant test. The overall 
ammonia loss includes loss to flue gas and loss due to solid precipitation in the stripper. As shown 
in Figure 2, prior to reaching steady state,  the NH3 loss rate is high, estimated to be ca. 9.3 kg/h. 
Strictly speaking, the so called steady state is a pseudo one in which process temperature, pressure, 
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and flow-rates remain constant while NH3 concentration and CO2 loading of the solvent vary to 
different extents depending on the operational conditions During steady state, NH3 concentration 
decreases with time during the experimental run which is due to continued NH3 loss and inadequate 
NH3 make up to cover the NH3 loss (the NH3 make up rate is fixed in the run). In the meantime, the 
CO2 loading of the lean solvent increases gradually with time. At the bottom of the stripper, the 
liquid and vapour phases are close to equilibrium. At the fixed temperature /pressure conditions in 
the stripper the decrease in NH3 concentration requires an increase in CO2 loading to maintain the 
same pressure at the same temperature.  The combination of increase in CO2 loading of the lean 
solvent and decrease in NH3 concentration contributes to the observed NH3 loss trend, that is, 
ammonia loss rate decreases with an increase in CO2 loading and a decrease in NH3 concentration.  
Figure 2b shows a high NH3 loss rate (6-7 kg/h) compared to the CO2 absorption rate (50-70 kg/h) 
under a typical operating condition.  
 
Pilot plant trials also show that the conditions which can enhance CO2 absorption rate such as an 
increase in ammonia concentration, an increase in absorption temperature and a decrease in CO2 
loading all tend to increase the ammonia losses to a large extent. As shown in Figure 3, with an 
increase in solvent temperature, CO2 absorption rate in absorber 1 remains essentially constant but 
the ammonia loss rate increases significantly. From the ammonia loss point of view, the absorption 
temperature should be as low as possible. However, additional energy is required to produce chilled 
water, especially in a warm climate such as Australia.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3 Effect of temperature on the CO2 absorption rate and NH3 loss rate in absorber 1 under 
similar conditions. NH3 wt%= 3.8-4.2; CO2 loading in lean solvent= 0.22-0.25. Solvent flow-rate 
=134 L/min; Gas flow-rate = 640-820 kg/h.  
 
(3)  Formation of ammonium-bicarbonate solids in stripper section.  
 
Precipitation of ammonium bicarbonate in the stripper is described in our recent publication8.. 
Briefly, solvent regeneration leads to generation of a vapour stream which contains significant 
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amounts of ammonia and CO2 gas together with water vapour in the stripper. When the temperature 
of this vapour stream drops in the condenser/ reflux line or even in the stripper when the 
regeneration stops, part of vapour will condense, leading to formation of a solution droplet in which 
the ammonia concentration is very high (more than 10 wt %). Since the partial pressure of CO2 is 
high in stripper, this facilitates the formation of a highly carbonated ammonia solution which 
reaches the ammonium bicarbonate solubility limit. The precipitation of solid ammonium 
bicarbonate blocks the stripper condenser and reflux line, causing a shutdown of the plant.  
Blockage also occurs in instrument tubing, leading to false readings and affecting the operation. 
 
In addition to the issues identified, we have found that the available process simulation models 
were insufficient to support the process optimisation and scale up.   
 
To have a predictive power and support process optimisation and scale up, the process model 
should be a rigorous rate based model which includes the material and energy balance, chemical 
kinetics, mass and heat transfer, hydrodynamics and column properties in the pilot plant. Currently, 
most researchers rely on the equilibrium based model to evaluate the energy performance of the 
aqueous ammonia based CO2 capture process and there is no rate based model available which has 
been validated by pilot plant results. Figure 3 shows the parity plot of CO2 absorption rate in 
absorber. The CO2 absorption rate based on the equilibrium model are significantly higher than 
those experimentally obtained. The tray efficiencies can be introduced to account for the effect of 
mass/heat transfer and reaction on the separation, but these empirical values are only valid under 
specific conditions.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3 Parity plot of CO2 absorption rate in absorber. 
 
Further opportunities  
 
The challenges listed above limits the economic feasibility of the aqueous ammonia based post 
combustion capture process. Recently we have investigated a number of options to address the 
issues identified and to further advance the technology. These options include:  
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1. Develop a promoted aqueous ammonia solvent which has a faster CO2 absorption rate 
compared to MEA while maintaining a low regeneration energy requirement. 
2. Further develop CSIRO patented technology such as absorption at elevated pressure to 
enhance CO2 absorption, reduce ammonia loss and cooling water consumption 11. 
3. Develop novel desorber designs to avoid the formation of ammonium bicarbonate solid in 
the stripper.  
4. Further development of a combined SO2 and CO2 removal and ammonia recovery process 
and production of value added fertilisers.  
5. Development of a rate based model for capture by aqueous ammonia which can guide the 
process improvement and optimisation.  
The results from the recent investigations have shown the improvement potential which include: 
 
1. Introduction of a small amount of additive such as an amino acid salt which is 
environmentally friendly, stable and cheap has the potential to significantly increase the 
CO2 mass transfer coefficients to a level comparable with MEA at high CO2 loadings 
relevant to industrial applications, as shown in Figure 1 12. 
2. The preliminary experiments with pilot plant and process modelling suggest that high 
pressure absorption can significantly reduce solvent and wash water circulation rate and 
ammonia loss.  
3. Based on the equilibrium-based model predictions, a rich solvent split process 
configuration can potentially eliminate solid precipitation and reduce cooling duties in 
aqueous ammonia based post combustion capture processes. The modelling results have 
been presented in our recent publication 8 . 
4. A rigorous rate-based model for CO2 absorption using aqueous ammonia in a packed 
column has been developed13. The predicted results from the rate-based model agree 
reasonably well with pilot plant results on CO2 absorption rate (Figure 3), NH3 loss rate, 
temperature profiles and mass transfer coefficients in the absorber (not included in this 
paper).  
 
It is expected that exploration of the above research opportunities will help advance the aqueous 
ammonia based CO2 capture technologies and achieve its full potential.   
 
Conclusions 
 
CSIRO PCC pilot plant trials with an aqueous ammonia based liquid absorbent have confirmed the 
technical feasibility of the process and confirmed some of the expected benefits.  A CO2 removal 
efficiency of more than 85% was achieved even with a low ammonia content of up to 6 wt%. A 
high purity of CO2 (between 99-100%) was obtained in the stripper under high pressure. NH3 is 
effective for SO2 removal but not for NO removal from the flue gas. The research team has 
significantly improved their understanding of the aqueous ammonia based capture system. 
 
The pilot plant trials have also highlighted some of the issues when using aqueous ammonia in a 
PCC process. These include a relatively low CO2 absorption rate, high ammonia loss, solid 
precipitation, and inadequate process models. These issues currently limit the economical 
feasibility of the aqueous ammonia based PCC process.  
 
A number of research initiatives have been taken to advance the aqueous ammonia based CO2 
capture technologies. Advancements have been made on the promotion of CO2 absorption, high 
pressure absorption, rich solvent split to eliminate solid precipitation and the development of rate 
based models.  
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